Development of hydrogen masers for K-3 VLBI system by Ohta, Y. et al.
DEVELOPMENT OF HYDROGEN MASERS FOR K - 3  VLBI SYSTEM 
Takao l lo r ikawa,Yasusada  Ohta ,and  H i t o s h i  K i u c h i  
Radio  R e s e a r c h  L a b o r a t o r i e s  
M i n i s t r y  o f  P o s t s  and  T e l e c o ~ ~ m u n i c a t i o n s  
Tokyo 184  J a p a n  
ABSTRACT 
The Radio  Research  L a b o r a t o r i e s  o f  J a p a n  (RRL) h a s  
d e v e l o p e d  two f i e l d  o p e r a b l e  hydrogen  m a s e r s  f o r  t h e  VLBI 
j o i n t  e x p e r i m e n t  c o n d u c t e d  by t h e  c o o p e r a t i o n  between RRL 
and NASA. They a r e  now p l a y i n g  a n  i m p o r t a n t  r o l e  a s  t h e  time 
and  f r e q u e n c y  s t a n d a r d  o f  t h e  K-3 VLBI sys tem,which  h a s  a l s o  
been  d e v e l o p e d  by RRL. 
The m a s e r s  c o n s i s t  o f  a p h y s i c s  package  and a n  
e l e c t r o n i c s  package.  The p h y s i c s  package  is 84cm w i d e ,  94cm 
d e e p  and  160cm h i g h .  Four p e r m a l l o y  m a g n e t i c  s h i e l d s  a r e  se t  
i n  a  vacuum chamber and f u n c t i o n  a l s o  a s  t h e r m a l  r a d i a t i o n  
s h i e l d s .  The s t a n d o f f s  which suppo-  t t h e  m a g n e t i c  
s h i e l d u , t h e  C-coZ.1 and t h e  c a v i t y  a r e  made o f  po ly in i ide  w i t h  
low t h e r n a l  c o n d u c t i v i t y .  Thus t h e  t h e r n a l  i s o l a t i o n  i s  
g r e a t l y  improved. Also se t  i n  t h e  vacuum chamber a r e  two 
aluminium c y l i n d e r  o v e n s ,  and t h e  c a v i t y  t e m p e r a t u r e  
s t a b i l i t y  o f  1mK h a s  been a c h i e v e d  w i t h o u t  t h e r m a l  
i s o l z t o r s .  Th.? c a v i t y  c y l i n d e r  is  made o f  g l a s s  c e r a m i c s  
(!JEC!CERA!,I) w i ~  h  a t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  o f  
- 5 . 0 ~ 1 0 - 7 .  Cbdnge o f  t h e  m e c h a n i c a l  stress o n  t h e  c a v i t y  i s  
a b s o r b e d  b j  a B e l l s v i l l e  s p r i n g .  As t h e  r e s u l t ,  t h e  
t e m p e r a t l i r e  c o e f f i c i e n t  o f  t h e  c a v i t y  f r e q u e n c y  is r e d u c e d  
t o  500iiz/K. 
The e l e c t r o n i c s  package  c o n s i s t s  o f  a r e c e i v e r , a  c a v i t y  
a u t o  t u n e r ,  and envi i30nment  c o n t r o l  c i r c u i t s  s u c h  as 
t e m p e r a t u r e  c o n t r o l l e r s .  The r e c e i v e r  u s e s  2 low n o i s e  
p r e a m p l i f i e r  and a n  image r e j e c t i o n  mixer  , and  h a s  a n  
c v e r a l l  n o i s e  f i g u r e  o f  4.5dB. The r e c e i v e r  f r o n t  end and  
t h e  p h a s e  l o c k e d  f r e q u e n c y  m u l t i p l i e r  f o r  t h e  f i r s t  l o c a l  
o s c i l l a t o r  a r e  t e m p e r a t u r e - s t a b i l i z e d  w i t h i c  5mK by a  
p e l t i e r  module. The f r e q u e n c y  o f  t h e  s t a n d a r d  s i g n a l  is 
a d j u s t a b l e  by a  s y n t h e s i z e r  w i t h  a  r e s o l u t i o n  o f  7x10-13. 
The f r e q u e n c y  s t a b i l i t y  h a s  been  measured be tween  t h e  
m a s e r s .  The measured s t a b i l i t y  i s  2x10-13 a t  1  s e c o n d ,  
2 . 4 x 1 0 - ' ~  a t  8 3 0  secondn ,and  1 . 4 x 1 0 - ~ ~  a t  l o 5  s e c o n d s .  The 
e x t e r n a l  m a g n e t i c  f i e l d  s e n s i t i v i t y  is 2 .5~10-13 /G,which  h a s  
b e s n  measured by a d d i n g  a  v e r t i c a l  rnzgne t ic  f i e l d  w i t h  a  
llelrnhol t c o i l .  The t e m p e r a t u r e  s e n s i t i v i t y  is .i; Y 
2.3xlO-"/K, which h a s  been o b t a i n e d  by c h a n g i n g  t h e  room .k rr: t e m p e r a t u r e .  
https://ntrs.nasa.gov/search.jsp?R=19850020927 2020-03-22T19:43:50+00:00Z
1. I n t r o d u c t i o n  
The Radio Research L a b o r a t o r i e s  (RRL) h a s  developed  t h e  K-3 
VLBI sys tem [11 , [21 ,  which is compa t ib l e  w i t h  t h e  Mark I11 VLBI 
sys tem o f  NASA,  f o r  t h e  VLBI j o i n t  exper iment  between RRL and NASA 
[ 3 j .  As a p a r t  o f  t h i s  p r o j e c t  two f i e l d  o p e r a b l e  hydrogen masers  
have  been developed  a s  t h e  time and f requency  s t a n d a r d  o f  t h e  K-3 
system. 
I n  a VLBI sys t em a s i g n a l  from a r a d i o  s t a r  shou ld  be 
down-converted t o  t h e  v ideo  f r equency  wi thou t  t h e  l o s s  o f  t h e  
coherence.  The re fo re  t h e  phase n o i s e  of  t h e  l o c a l  o s c i l l a t o r  of  t h e  
VLBI sys tem must be small enough. The phase s t a b i l i t y  r e q u i r e d  of  
t h e  l o c a l  o s c i l l a t o r ,  which is  phase-locked t o  a h ~ d r o g e n  maser ,  
depends on t h e  n o i s e  t empera tu re  o f  t h e  VLBI sys tem and t h e  s i g n a l  
s o u r c e ,  and t h e  sample time. I n  t h e  K-3 s y s t c n  t h e  phase f l u c t u a t i o n  
below n / 8  r a d i a n  f o r  t h e  sample t ime  o f  600sec  and t h e  o b s e r v a t i o r  
f requency  o f  8GHz was p r o j e c t e d .  
I n  a VLBI exper iment  s e v e r a l  r a d i o  s t a r s  a r e  observed  aad  t h e  
d e l a y  time must be measured f o r  each  o b s e r v a t i o n .  The re fo re  t h e  
f l u c t u a t i o n  o f  t h e  system c l o c k  d u r i n g  t h e  exper iment  must be 
s m a l l e r  t h a n  t h e  p r e c i s i o n  o f  t h e  d e l a y  t ime measurement. I n  t h e  
Japan-USA VLBI exper iment  t h e  p r e c i s i o n  o f  subnanosecond was 
r e q u i r e d .  
I n  o r d e r  t o  s a t i s f y  t h e  above r e q u i r e m e n t s  o f  t h e  K-3 sys tem 
che  f o l l o w i n g  f r equency  s t a b i l i t y  of  t h e  mase r s  was p r o j e c t e d  as t h e  
minimum requi rement .  
T h i s  paper  p r e s e n t s  t h e  d e s i g n  and t h e  performance o f  t h e  
developed masers  and some d i s c u s s i o n  on  t h e  e x t e r n a l  magnet ic  f i e l d  
d i s t u r b a n c e  on t h e  maser which h a s  been observed  a t  Kashima Branch 
where t h e  K-3 sys tem is l o c a t e d .  
2. Design o f  t h e  masers  
The masers c o n s i s t  o f  a phys ins  package and a n  e l e c t r o n i c s  
package. The p h y s i c s  package is 84cm wide,  94cm deep ,  and 160cm 
high.  It tdeighs 550kg. The e l e c t r o n i c s  package is mounted i n  a r a c k ,  
which is  175cm h igh  and 57cm wide. I n  Fig. 1 t h e  phys i c s  packages 
and t h e  e l e c t r o n i c s  packages a r e  shown. 
2.1 Phys i c s  package 
I n  Fig. 2 t h e  s t r u c t u r e  of t h e  p h y s i c s  package i s  shown. 
2.1.1 M a g n e t i c  s h i e l d i n g  
The maser  h a s  f o u r  p e r m a l l o y  m a g n e t i c  s h i e l d s ,  a l l  o f  which a r e  
2mm t h i c k  and se t  i n  a  vacuum chamber. T h i s  s t r u c t u r e  h a s  two 
a d v a n t a g e s .  
One is  t h a t  t h e  c o n d u i t  p i p e  which c o n n e c t s  t h e  i o n  pump and 
t h e  r e s o n a n t  c a v i t y  c a n  be e l i m i n a t e d .  T h i s  e n a b 3 8 s  u s  t? n a k e  t h e  
a p e r t u r e  o f  t h o  m a g n e t i c  s h i . l d s  f o r  t h e  hydroger .  beam p a t h  s m o l l e r ,  
which r e s u l t s  i n  b e t t e r  m a g n e t i c  s h i e l d i n g .  The d i a m e t e r  o!' t h e  
a p e r t u r e  i s  40rmn, w h i l e  t h a t  o f  t h e  l a b o r a t o r y  t y p e  maser " RRL 
which h a s  a  c o n d u i t  p i p e  i s  8 0 m .  The m a g n e t i c  s h i e l d s  a 1  s o  
small h o l e s  for t h e  s t a n d o f f s ,  which f i x  t h e  s h i e l d s ,  end t h e  
d r i v i n g  a x i s  o f  t h e  c a v i t y  t u n i n g  p o s t .  The d i a m e t e r s  o f  . . 4 e s  
are 161x0 and lo rn ,  r e s p e c t i v e l y .  T h i s  s t r u c t u r e  h a s  a l s o  e n a b l e d  u s  
t o  e l i m i n a t e  t h e  h e a t - f l o w  t h r o u g h  t h e  c o n d u i t  p i p e ,  and t h e  t h e r m a l  
i n s u l a t i o n  c a n  be improved. 
The o t h e r  a d v a n t a g e  i s  t h a t  t h e  m a g n e t i c  s h i e l d s  f u n c t i o n  a l s o  
a s  t h e  t h e r m a l  r a d i a t i o n  s h i e l d s ,  which c o n t r i b u t e  t o  i m p r o v i n g  t h e  
therm.31 i s o l a t i o n .  The m a g n e t i c  s h i e l d s  are d e g a u s s e d  by a p p l y i n g  
d i r e c t l y  AC c u r r e n t  o f  SOA [4] .  
2.1.2 Resonant  c a v i t y  
A s  well known, t h e  f l u c t u a t i o n  cf t h e  r e s o n a n c e  f r e q u e n c y  o f  
t h e  c a v i t y  d i s t u r b s  t h e  o s c i l l a t i o n  f r e q u e n c y  o f  t h e  maser .  The main 
c a u s e s  o f  t h e  f l u c t u a t i o n  a r e  t h e  t h e r m a l  e x p a n s i o n  o f  t h e  c a v i t y  
m a t e r i a l ,  t h e  m e c h a n i c a l  d i s t o r t i o n  o f  t h e  c a v i z y  material, and t h e  
t h e r m a l  f l u c t u a t i o n  o f  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  s t o r a g e  bulb.  
The last  c a u s e  c a n  be r e d u c e d  by u s i n g  a  l j g h t  s t o r a g e  b u l b  151. 
Fig .  3 shows t h e  c a v i t y  s t r u c t u r e .  
The c a v i t y  c y l i n d e r  and t h e  u p p e r  end p l a t e  a r e  made o f  g l a s s  
c e r a m i c s  (NEOCEEAM) w i t h  a  low t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  o f  
-5x1 o-~. S i l v e r  c o n d u c t i v e  c o m p o s i t i o n  is  p a i n t e d  o n  t h e  i n n e r  
s u r f a c e  o f  t h e  g l a s s  c e r a m i c s .  The measured l o a d e d  q u a l i t y  f a c t o r  is 
500011. The c o a r s e  t u n i n g  is  c a r r i e d  o u t  by moving t h e  u p p e r  end 
p l a t e .  The sc rewed  a x i s  f o r  a d j u s t i n g  t h e  u p p e r  end p l a t e  is  made o f  
molybdenum which h a s  r e l a t i v e l y  low t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  o f  
5 x 1 0 " ~  [61. The r e s o l u t i o n  o f  t h e  c o a r s e  t u n i n g  is I k H z ,  
I n  o r d e r  t o  f i x  t h e  c a v i t y  c y l i n d e r ,  a  stress I ;  g i v e n  t o  t h e  
c e i l i n g  p l a t e ,  which h o l d s  t h e  c o a r s e  t u n i n g  a x i s .  T h i s  stress 
d i s t o r t s  t h e  c e i l i n g  p l a t e  and t h e  d i s t a n c e  between t h e  c a v i t y  end 
p l a t e s  i s  changed. I n  o r d e r  t o  a c h i e v e  t h e  maser  f r e q u e n c y  s t a b i l i t y  
o f  1 x 1 0 - ~ ~ ,  t h e  f l u c t u a t i o n  o f  t h e  d i s t a n c e  s h o u l d  be below 0.3nm. 
T h e r e f o r e  t h e  c a v i t y  m a t e r i a l  s h o u l d  be n i g h l y  r i g i d  a n d  t h e  stress 
s h o u l d  be s t a b l e .  The f l e x u r a l  r i g i d i t y  o f  a p l a t e  d e p e n d s  o n  i ts 
Young's modulus and t h e  t h i r d  power o f  i ts t h i c k n e s s  [71. The 
c e i l  ng p a t e  i s  made of  alumina which h a s  h igh  Young's modulus of 6 5 3 x 1 0  kg/cm . The base  p l a t e  is 29mm t h i c k  and made o f  aluminium. The 
f l u c t u a t i o n  o f  t h e  s t r e s s  is  main ly  caused by t h e  thermal  expans ion  
o f  t h e  c a v i t y  hold-down can. T h i s  stress change i s  absorbed  by a 
B e l l e v i l l e  s p r i n g  [a ] ,  whicn is made of  t i t e n i u n .  The c h a r a c t e r i s t i c  
o f  a B e l l e v i l l e  s p r i n g  i s  g i v e n  by t h s  f o l l o w i n g  e q u a t i o n s ,  
where E and v a r e  t h e  Young's modulus and t h e  Po i s son ' s  r a t i o  of  t h e  
s p r i n g  m a t e r i a l ,  r e s p e c t i v e l y .  h is  t h e  d i s t o r t i o n  o f  t h e  sprir .g  and 
H is t h e  f r e e  h e i g h t  of  t h e  s p r i n g .  P is t h e  l o a d  g i v e n  t o  t h e  
s p r i n g .  Other  pa rame te r s  a r e  g i v e n  i n  Fig.  4. The l o a d  o f  t h e  s p r i n g  
o f  which H e q u a l s  J2h  becawes c o n s t a n t  i f  is H. Using t h i s  
cons t an t - load  c h a r a c t e r i s t i c  t h e  s t r e s s  on t h e  c e i l i n g  p l a t e  can  be 
s t a b i l i z e d .  A s  shown i n  Fig.  5 t h e  change i n  t h e  c a v i t y  f r equency  
becomes v e r y  small when t h e  s p r i n g  d i s t ~ t i o n  i s  between 1 and 2mm. 
The c a v i t y  can  be s t a b i l i z e d  by s e t t i n g  t h e  s p r i n g  i n  t h i s  r e g i o n .  
Tho s t o r a g e  bu lb  i s  s p h e r i c a l  and mad? o f  q u a r t z  g l a s s .  Its 
d iame te r  is 180mm and t h e  weight  is 260g. The o v e r a l l  thepmal 
c o e f f i c i e n t  of  t h e  c a v i t y  f requency  is 500Hz/K. 
2.1.3 Thermal c o n t r o l  
The s t a b i l i t y  of  t b e  c a v i t y  t empera tu re  shou la  be b e t t e r  t h a n  
1mK t o  a c h i e v e  t h e  maser f r equency  change of  l e s s  t h a n  1 x 1 0  -I4. The 
thermal  c o n t r o l  is c a r r i e d  o u t  by doub le  ovens. The c a v i t y  hold-down 
c a n  on which h e a t e r s  and t h e r m i s t o r  c o n t r o l  s e n s o r s  a r e  at tachled is  
used  as t h e  i n n e r  oven. The h e a t e r s  a r e  d i v i d e d  i n t o  two zones ,  each  
o f  which i s  independen t ly  c o n t r o l l e d  t o  minimize t h e  thermal  
g r a d i e n t .  The o u t e r  oven is  made of  a t h i c k  aluminium c y l i n d e r  w i t h  
h e a t e r s  and s e n s o r s  and p l aced  on t h e  o u t s i d e  of  t h e  innermost  
magnet ic  s h i e l d .  It i a  a l s o  d i v i d e d  i n t o  t h e  c y l i n d e r  zone and t h e  
base  z o r ~ e ,  each  of  which is  independen t ly  c o n t r o l l e d .  S!nce t h e  
h e a t - f l a d  through t h e  c o ~ d u i t  p i p e  i s  e l i m i n a t e d  and t h e  thermal  
r a d i a t i o r i  i s  s h i e l d e d  bv t h e  magnet ic  s h i e l d s ,  t h e  r e s i d u a l  
heat-f low p a t h s  a r e  t h e  c a b l e s  and t h e  s t a n d o f f s  which s u p p o r t  t h e  
c a v i t y ,  C-(:oil, magnet ic  s h i e l d s ,  and t h e  ovens. The s t a n d o f f s  a r e  
made of  p d y i n i d f ?  (VESPEL) wi th  low thermal  c o n d u c t i v i t y  o f  
0.28kcal/m. lir.' C. They are ou tgas sed  i n  a vacuum environment  by 
be ing  baked a t  200'C f o r  s e v e r a l  hou r s  b e f o r e  t h e  assemble  of  t h e  
maser. ';his p roces s  is needed t o  a c h i e v e  h igh  vacuum. The c a b l e s  a r e  
t he rma l ly  connected t o  t h e  base of  t h e  o u t e r  oven t o  p revan t  t h e  
h e a t  from f lowing  d i r e c t l y  i n t o  t h e  c a v i t y .  Thus t h s  c a v i t y  
tempera ture  s t a b i l i t y  of  1mK is ach ieved  w i t h o u t  any  o t h e r  thermal  
i n s u l a t o r s .  
2.2 E lec t r ' on i c s  package 
2.2.1 Phase- l ock  r e c e i v e r  
?-g.  6 shows t h e  b lock  diagram o f  t h e  phase-lock r e c e i v e r .  The 
outpuc  s i g n a l  of  t h e  maser is  a m p l i f i e d  by t h e  low n o i s e  a m p l i f i e r ,  
which is  preceded by t h e  v a r a c t o r  d iode  f o r  t h e  c a v i t y  au to - tun ing  
and t h e  6068 i s o l a t o r .  The n o i s e  f i g v r z  o f  t h e  low n o i s e  a m p l i f i e r  
i s  2.2dB and, t h e  o v e r a l l  n o i s e  f i g u r e  of t h e  r e c e i v e r  is  4.5dB. The 
s i g n a l  is then  n ixed  w i t h  t h e  1.40GHz l o c a l  s i g n a l  from t h e  
phase-lockec! mu1 t i p l i e r  i n  t h e  image r e j e c t i o n  a i x e r .  The r e s u l t a n t  
1 s t  I F  s i g n a l  (20.405MHz) is a g a i n  down-converted t o  405kHz. The 2nd 
I F  s i g n a l  is phase-compared w i t h  t h e  r e f e r e n c e  s i g n a l  from t n e  
s y n t h e s i z e r  (hp3336 A ) .  The r e s u l t a n t  e r r o r  s i g n a l  is f i l t e r e d  by t h e  
low-pass ampi i f  ier and used  t o  t une  e l e c t r o n i c a l l y  t h e  1 ObMz 
vo l  t age -con t ro l l ed  c r ~ n t a l  o s c i l l a t a r  ( VCXO) t o  t h e  maser f requency .  
The 10bMz o u t p u t  s i g n a l  o f  t h e  VCXO is d i s t r i b u t e d  t o  t h e  
m u l t i p l i e r s ,  t h e  s y n t h e s i z e r ,  t h e  second p u l s e  g e n e r a t o r ,  t h e  c a v i t y  
au to- tuner  and t h e  VLBI sys tem,  v i a  t h e  d i s t r i b u t i o n  a m p l i f i e r  w i t h  
l2OdB i s o l a t i o n .  
The t empera tu re  f l u c t u a t i o n  u j l l  c ause  t h e  phase f l u c t u a t i o n  o f  
t h e  r e c e i v e r  f r o n t  end. The re fo re  t h e  f r o n t  end ,  wkich is  e n c l o s e d  
by t h e  broken l i n e  i n  Fig. 6 ,  is t h e r m a l l y  con t r . o l l ed  by t h e  p e l t i e r  
modtlle t o  improve t h e  phase s t a b i l i t y .  n e  s t a b i l i t y  of  t h e  
t empera tu re  i s  5mK. The f r o n t  end i s  mounted i n  t h e  phys i c s  package. 
I n  t h e  VLBI e ~ p e ~ i m e n t  h e  f r equency  d i f f e r e n c e  between t h e  
l o c a l  o s c i l l a t o r s  o f  t h e  Via1  s t a t i o n s  shou ld  be less t h a n  1 x 1 r 1 2  
i n  o r d e r  t o  s u p p r e s s  t h e  phase r o t a t i o n  o f  t h e  c r o s s - c o r r e l a t i o n  
spectrum. The re fo re  t h e  f requency  o f  t h e  IOHHz o u t p u t  s i g n a l  is 
r e q u i r e d  t o  be f i n e l y  ad jus t ed .  Th i s  can  be  c a r r i e d  o u t  by t h e  
s y n t h e s i z e r  cf which t h e  s e t t i n g  r e s o r u t i o n  is  7x1tT13. 
3.2.2 Cavi ty  au to - tune r  
The maser is  equipped w i t h  t h e  c a v i t y  au to - tune r  [ 3 ] ,  of which 
t h o  b lock  diagram is shown i n  Fig. 7. The o u t p u t  s i g n a l  o f  t h e  low 
noi.3e a m p l i f i e r  o f  # I  maser 1.420Hz) and t h e  o u t p u t  s i g n a l  o f  t h e  
phase-locked m u l t i p l i e r  o f  Y2 maser (1.YOGHz) a r e  mixed i n  t h e  image 
r e j e c t i o n  a i x e r .  The r e s u l t a n t  I F  s i g ~ a l  (20.405MHz) is mixed w i t h  
t h e  I F  s i g n a l  o f  #2 maser and t h e  b e a t  s i g n a l  between t h e  masers is 
ob ta ined .  The b e a t  s i g n a l  is t h e n  div?Sed and i t s  p e r i o d  i s  measured 
by t h e  coun te r .  The hydrogen beam is modulated by t h e  mechanica l  
s h u t t e r ,  which i s  d r i v e n  by t h e  p u l s e  motor. The CPU (Z80) 
c a l c u l a t e s  t h e  d i f f e r e n c e  between t h e  b e a t  p e r i o d s  a t  H i  beam and Lo 
beam, and g e n e r a t e s  t h e  v a r a c t o r  c o n t r o l  s i g n a l s  and t h e  s h u t t e r  
c o n t r o l  s i g n a l s .  ?he CPU a l s o  c o n t r o l s  t h e  l o o p  g a i n ,  t h e  
measurement mode, and t h e  o t h e r  measuring pa rame te r s  9f t h e  c a v i t y  
au to- tuning .  
If a miscount  o f  t h e  b a a t  p e r i o d  happens,  t h e  v z r a c t o r  c o n t r o l  
v o l t a g e  and,  hence,  t h e  c a v i t y  f r equency  may be changed by a l a r g e  
amount. To avo id  t h i s  miscount  t h e  C3U moni to r s  t h e  d i f f e r e n c e  
between t h e  newly and l a s t  g e n e r a t e d  v a r a c t o r  c o n t r o l  v o l t a g e s .  If 
t h e  d i f f e r e n c e  exceeds  t h e  p r e s e t  l i m i t ,  t h e  CPU r e j e c t s  t h e  new 
v a l u e  a s  abnormal and h o l d s  t h e  v a r a c t o r  c o n t r o l  v o l t a g e  a t  t h e  l a s t  
va lue .  Then t h e  measurement is  r e p e a t e d  aga in .  
3. Frequency s t a b i l i t y  o f  t h e  masers 
The f r equency  s t a b i l i t y  o f  t h e  f r e e  runn ing  mase r s  was 
measured. The p e r i o d  o f  t h e  be2 t  s i g n a l  from t h e  c a v i t y  au to - tune r  
was measured by t h e  c o u n t e r  (hp5300B) and gy (') was c a l c u l a t e d .  The 
bandwidth o f  t h e  measur ing  sys tem was 2Hz. A C-f i e ld  o f  20mOe was 
added t o  one o f  t h e  mase r s  t o  o f ' f s e t  t h e  maser f r equency  by 1.2Hz. 
During t h e  f r equency  s t a b i l i t y  measurement both mase r s  were p l aced  
i n  t h e  same thermal  and magnet ic  environment .  The roam t empera tu re  
was c o n t r o i l e d  w i t h i n  t l o  C and t h e  c o n t r o l  c y c l e  was L bout 1000 t o  
2000sec. 
Fig. 8 shows t h e  f r equency  s t a b i l i t y  o b t a i n e d  It shows t h e  
T-' c h a r a c t e r i s t i c  between 1 and 20 s e c  and T -'I2 c h a r a c t e r i s t i c  
between 20 and IOOOsec, I n  t h e  VLBI exper iment  t h e  o b s e r v a t i o n  
pe r iod  o f  a r a d i o  star is  between abou t  10 and 20min. and t h e  
f r equency  s t a b i l i t y  i n  t h i s  r e g i o n  is  t h e  most impor t an t .  Tne 
f r equency  s t a b i l i t y  o b t a i n e d  is b e t t e r  t h a n  3 x 3 r 1 5  f o r  t h e  
a v e r a g i n g  p e r i o d  between 500 and 5000sec and is  2 . 4 ~ 1 ~ ~ ~  f o r  
830sec ,  which is  enough f o r  a VLBI exper iment .  
The l o n g  term frequency  s t a b i l i t y  g r a d u a l l y  a e  t e r i ~ r a t e s  f o r  
t h e  a v e r a g i n g  p e r i o d  o f  more t h a n  3000sec,  and is 1 .4x10- '~  f o r  
1&sec .  The main r e a s o n  f o r  t h e  d e t e r i o r a i i i o n  may be t h e  r e l a t i v e l y  
h igh  C- f i e ld  o f  20mOe, which is  added t o  one of  t h e  masers, and t h e  
i s l adequa te  s t a b i l i t y  o f  t h e  C- f i e ld  c u r r e n t  30UFC"* The s p e c i f i c a t i o n  o f  s t a b i l i t y  o f  t h e  c u r r e n t  s o u r c e  is 5x10- /day. T h i s  
c o v i ~ s p o n d s  t o  t h e  maser f r equency  s t a b i l i t y  of  7 . 8 x 1 0 - ' ~ / d a ~ ~  f o r  
t h e  C-f ie ld  o f  20mOe, though t h e  measured s t a b i l i t y  is 1 .0x1Om f o r  
one day. The r e a l  pel-formance o f  t h e  c u r r e n t  s o u r c e  may be b e t t e r  
t han  t h e  o p e c i f i c a ~ i o n ,  which e x p l a i n s  t h e  d i s c r e p a n c y  between t h e  
va lues .  !lowever i t  is ve ry  p robab le  t h a t  t h e  l o n g  term frequency 
s t a b i l i t y  is r e s t r i c t e d  by t h e  s t a b i ' i t y  of  t h e  c u r r e n t  source .  I n  
VLBI expe r imen t s  t h e  msser which d i s t r i b u t e s  t h e  s t a n d a r d  f requency 
and time s i g n a l  t o  t h e  K-3 system is o p e r a t e d  under t h e  C- f i e ld  o f  
O.2mOe and t h e  f ;dc tua f . i o i~  o f  t h e  c u r r e n t  s o u r c e  can  be neglec ted .  
Fig. 9 shows t h e  monitor  r eco rd  o f  t h e  b e a t  p e r i o d  between t h e  
masers  and t k e  1CPlHz phase conpa r i son  among t h e  masers and a 
co,amer?iai C s  clot!<. 
4. S e n s i t i v i t y  t o  t h e  environment 
The f requency of a maser is  d i s t u r b e d  by s e v e r a l  envi ronmenta l  
f a c t o r s .  They are t h e  room t empera tu re ,  t h e  e x t e r n a l  magnet ic  f i e l d ,  
t h e  b-rometrl  c p r e s s u r e ,  and t h e  mechanical  v i b r a t i o n .  The i n f l u e n c e  
of  t h e  l a s t  two f a c t o r s  could  n o t  been e v a l u a t e d  because t h e  
measurement f a c i l i t i e s  were r o t  a v a i l a b l e .  
A s  s t a t e d  above,  t h e  t empera tu re  o f  t h e  room where t h e  masers 
a r e  p laced  i s  c o n t r o l l e d  w i t h i n  -1 "C and t h e  c o n t r o l  c y c l e  is  a b o u t  
1000 t o  2000sec. P.e  maser f requency is  no t  s i g n i f i c a c t l y  d i s t u r b e d  
by t h i s  t empera tu re  c o n t r o l ,  bu t  is d i s t u r b e d  by a s lower  
t empera tu re  change. I n  o r d e r  t o  e v a l u a t e  t h i s  i n f l u e n c e  t h e  roon 
tempera ture  was changed by 6.5"C and t h e  change of  t h e  b e a t  
f requency was monitored.  The t ime c o n s t a n t  of  t h e  t empera tu re  change 
was 3.9hours. During t h e  measurement t h e  l a b o r a t o r y  t y p e  maser o f  
which t h e  c a v i t y  was auto- tuned was used as t h e  r e f e r e n c e  maser. The 
r e f e r e n c e  maser was p laced  i n  a n o t h e r  room and independent  of  t h e  
t empera tu re  change. The change of  t h e  b e a t  p e r i o d  was measured 
24hours a f t e r  t h e  t empera tu re  had been chas,ged. It w a ~ ~ 1 . 5 x 1 0 - ~ ~  and 
t h e  t empera tu re  s e n s i t i v i t y  of  t h e  inaser is  2 .3~10-14/  C. 
I n  o r d e r  t o  e v a l u a t e  t h e  i n f l u e n c e  of t h e  e x t e r n a l  magnet ic  
f i e l d ,  a Helmholtz c o i l  was wound on t h e  vacuum b e l l  jar and a 
v e r t i c a l  magnetic  f i e l d  o f  1 G was added. The maser was o p e r a t e d  
under t h e  1mOe C- f i e ld  d u r i n g  t h e  measurement. The measured magnet ic  
s e n s i t i v i t y  i s  2 . 5 ~ 1 0 - I  3 / ~ ,  and t h e  magnet ic  s h i e l d i n g  f a c t o r  i s  
1 5000. 
The above measurement was c a r r i e d  o u t  a t  t h e  RRL Headquar ters ,  
where t h e  masers  had been developed,  and t h e  measured v a l u e  was 
cons ide red  t o  be goo? enough f o r  t h e  VLBI exper iment  under t h e  u s u a l  
geomagnetic  c i rcumstances .  However, after t h e  masers  had been 
t r a n s p o r t e d  t o  Kashima Branch, where t.he VLBI s t a t i o n  o f  RRL is  
l o c a t e d ,  frequency f l u c t u a t i o n  of  4-5x 10 - I 4  was observed  o n l y  d u r i n g  
t h e  VLBI experiments .  During t h e  VLBI expe r imen t s  a large p a r a b o l i c  
an t enna ,  2601 i n  d i ame t s r  and 160ton i n  we igh t ,  was swung t o  t r a c k  
t h e  r a d i o  s t a r s .  Th i s  movement of t h e  an tenna  d i s t u r b e d  t h e  
envi ronmenta l  magnetic  f i e l d .  The f l u c t u a t i o n  o f  t h e  magneLic f i e l d  
i n  t h e  maser room, which is l o c a t e d  abou t  20m d i s t a n t  f~ m t h e  
basement o f  t h e  an tenna ,  h a s  been measured by u s i n g  a magnetic  f l u x  
g a t e  meter. The r e s u l t s  are shown i n  Fig. 10 and Fig. 11. Fig. 1 0  shows 
t h e  v a r i a t i o n  o f  t h e  magnetic  f i e l d  i n  t h e  maser room when t h e  
azimuth o f  t h e  antenna  i s  swept. Fig.11 shows t h e  f l u c t u a t i o n  o f  t h e  
magnet ic  f i e l d  i n  t h e  maser room d u r i n g  t h e  VLBI expe r imer t  which 
was c a r r i e d  o u t  a t  t h e  end o f  August 1984. The magnet ic  d i s t u r b a n c e  
amounts t o  more t h a n  10mC. During t h e  VLBI exper iment  one n a s e r  was 
o p e r a t e d  under t h e  0.2mOe C-f ie ld  and used  as t h e  time and f r equency  
s t a n d a r d  o f  t h e  K-3 system, w h i l e  t h e  o t h e r  maser was o p e r a t e d  under 
t h e  20mOe C-f ie ld  and used  as t h e  r e f e r e n c e  maser. The magnet ic  
v a r i a t i o n  d i s t u r b e d  t h e  r e f e r e n c e  maser. L a t e r  t h e  C- f i e ld  o f  t h e  
r e f e r e n c e  maser was set t o  6mOe and t h e  f l u c t u a t i o n  o f  t h e  maser* 
f requency reduced t o  1x10-' 4 .  
There fo re  i t  shou ld  be recommended t o  check t h e  e x t e r n a l  
magnetic  f i e l d  v a r i a t i o n  and t o  a p e r a t e  t h e  maser under low C-f ie ld  
a t  VLEI s t a t i o n s .  E s p e c i a l l y  a t  mobi le  VLBI s t a t i o n s  t h e  magnet ic  
d i s t u r b a n c e  o f  t h e  an tenna  may be l a r g e  because 5 e  maser is p laced  
ve ry  c l o s e  t o  t h e  antenna .  
5. Conclus ion  
Two f i e l d  o p e r a b l e  hydrogen masers  have been developed a s  t h e  
time and f r equency  s t a n d a r d  o f  t h e  K-3 VLBl system. The measured 
performance f u l i y  s a t i s f i e s  t h e  r equ i r emen t s  o f  t h e  K-3 sys tem,  and 
t h e y  are now playir lg a n  impor t an t  r o ? e  a s  t h e  t ime and f r equency  
s t a n d a r d  o f  t h e  K-3 sys tem a t  Kashima Branch. 
The magnet ic  d i s t u r b a n c e  by t h e  VLBI an tenna  t r a c k i n g ,  which 
h a s  been observed  a t  Kashima s t a t i o n .  s u g g e s t s  t h a t  i t  is  n e c e s s a r y  
t o  check t h e  magnet ic  environment i n  t h e  maser room and t o  o p e r a t e  
t h e  maser under low C-f ie ld  f o r  VLBI e x ~ e r i m e n t s .  
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Fig .10  Change of t n e  e x t e r n a l  magnetic f i e l d  
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QUESTIONS A N D  ANSWERS 
L A U R E N  R U E C E R ,  JOHNS HOPKINS: Did you h a v e  b o t h  o f  t h e  f i e l d  
o p e r a b l e  m a s e r s  a t  t h e  s i t e  i n  you o p e r a t i n g  mode, o r  d i d  you 
have on ly  one? 
M R .  M O R I K A W A :  We have two hydrogen masers  a t  t h e  VLBI s t q t i o n .  We 
used t h e  f i r s t  maser  a s  t h e  f r e q u e n c y  s o u r c e ,  and t h e  o t h e r  i s  
u s e d  a s  a  m o n i t o r ,  b u t  t h e  s e c o n d  m a s e r  c a n ,  o f  c o u r s e ,  
d i s t r i b u t e  s t anda rd  s i g n a l s  t o  t h e  system i f  tile f i r s t  maser i ~ a s  
some t r o u b l e .  
A L B E R T  KIRK, JET PROPULSION LABORATORY: What i s  t h e  ou tpu t  power 
of t h e  maser? 
M R .  M O R I K A W A :  I t  depends  on t h e  f l u x  j f  t h e  hydrogen beam. The 
maximum power is  m i n u s  95 dBm. 
M R .  K I R K :  For  t h e  d a t a  t h a t  you have shown on t h e  g r a p h ,  what i s  
t h e  ou tpu t  power while  t h a t  d a t a  was t aken?  
M R .  M O R I K A W A :  M i n u s  95 dBm. 
M R .  KIRK: How long do you expect  t h e  ion pumps t o  l a z t ?  
M R .  M O R I K A W A :  About two y e a r s  o r  more. One maser  o p e r a t e d  a b o u t  
two y e a r s ,  a t  w h i c h  t i m e  t h e  i o n  pump w e n t  down,  b u t  i t  
recovered .  
M R .  M C C O U B R E Y :  And they  operated con t inuous ly  d u r i n g  t h i s  time? 
M R .  M O R I K A W A :  Yes. 
!/ICTOR REINHARDT, HUGHES AIRCRAFT C O M P A N Y :  In t h e  Allan var iance  
da ta  you showed, was t h e  d r i f t  removed? 
M R .  M O R I K A W A :  I t  was not  removes. 
M R .  REINHARDT: What was t h e  frequency d r i f t  per  day? 
M R .  MORIKAWA: a  few p a r t s  i n  t e n  t o  t h e  m i n u s  1 4 .  
